The perichondrium and periosteum have recently been suggested to be involved in the regulation of limb growth, serving as potential sources of signaling molecules that are involved in chondrocyte proliferation, maturation, and hypertrophy. Previously, we observed that removal of the perichondrium and periosteum from tibiotarsi in organ culture resulted in an overall increase in longitudinal cartilage growth, suggesting negative regulation originating from these tissues. To determine if the perichondrium and periosteum regulate growth through the production of diffusible factors, we have tested various conditioned media from these tissues for the ability to modify cartilage growth in tibiotarsal organ cultures from which these tissues have been removed. Both negative and positive regulatory activities were detected. Negative regulation was observed with conditioned medium from (1) cell cultures of the region bordering both the perichondrium and the periosteum, (2) co-cultures of perichondrial and periosteal cells, and (3) a mixture of conditioned media from perichondrial cell cultures and periosteal cell cultures. The requirement for regulatory factors from both the perichondrium and periosteum suggests a novel mechanism of regulation. Positive regulation was observed with conditioned media from several cell types, with the most potent activity being from articular perichondrial cells and hypertrophic chondrocytes.
INTRODUCTION
Limb development requires the precise spatial and temporal regulation of the growth of skeletal elements (Schmid and Linsenmayer, 1985) . All long bones originate as cartilage rudiments, which are surrounded by a fibrous connective tissue, the perichondrium. Longitudinal growth of these cartilaginous templates occurs by endochondral ossification (Pathi et al., 1999) . During this process, chondrocytes undergo rapid proliferation and then enter a maturation phase where they cease proliferation and increase their synthesis and deposition of extracellular matrix. Subsequently, they undergo hypertrophy and then synthesize and secrete a specialized extracellular matrix component, type X collagen (Long and Linsenmayer, 1998; Chen et al., 1993; Howlett, 1979) . After progressing through the hypertrophic zone, the cells either undergo cell death or further differentiate into osteoblast-like cells (Nurminskaya et al., 1998; Bianco et al., 1998) . This removal of chondrocytes, concomitant with the invasion of blood vessels, leads to the formation of the marrow cavity (Long and Linsenmayer, 1998) .
At the point where the boney shaft borders the cartilage, the perichondrium (PC) differentiates into the periosteum (PO), whose cells have osteoblastic potential (Pathi et al., 1999) . Regulation must occur at all stages of endochondral development to ensure the correct rate of cartilage elongation and its subsequent removal and replacement by bone and marrow. The mechanisms of regulation must therefore involve chondrocyte proliferation, differentiation, and removal (Nurminskaya et al., 1998; Long and Linsenmayer, 1998) . A number of studies have focused on candidate regulatory molecules, including thyroid hormones, TGF␤s (including BMPs), fibroblast growth factors, insulin-like growth factors, parathyroid hormone-related peptide, and retinoic acid (for review, see Cancedda et al., 1995) . These molecules have been examined with respect to their expression patterns during development (Peters et al., 1992; , the effects of their ectopic overexpression , and their loss of function by knockouts (St-Jacques et al., 1999; Deng et al., 1996) or through the use of dominant negative gene expression (Serra et al., 1997; Liu et al., 1993) .
From these studies, several feedback loops have been proposed for the regulation of cartilage growth and differentiation. Most of these signaling pathways include an involvement of the PC (Long and Linsenmayer, 1998; Hartmann and Tabin, 2000) . For example, one proposed negative regulatory loop involves the expression of PTHrP in the articular PC, and the PTHrP receptor and Indian hedgehog in prehypertrophic chondrocytes . Indian hedgehog then signals through the receptor molecule Patched, Ptc (Marigo et al., 1996) , the transcription factor Gli , and BMP4 (Pathi et al., 1999) , all of which are in the local PC. The net result is thought to be the activation of the PTHrP receptor and a delay of chondrocyte differentiation Lanske et al., 1996) . Other signals, such as ones from TGF␤, are thought to impinge directly or indirectly on the Ihh/PTHrP regulatory loop. For example, TGF␤ treatment of organ cultures of limbs results in an ectopic increase of PTHrP mRNA in the PC and articular PC, and this increase has been linked to the inhibition of chondrocyte differentiation (Serra et al., 1999) .
Consistent with certain aspects of these regulatory pathways, a previous study from our laboratory has implicated an involvement of the perichondrium in regulating cartilage growth (Long and Linsenmayer, 1998) . It was observed that in organ cultures of tibiotarsal long bone rudiments from chick embryos, removal of the PC and PO prior to culture resulted in increased longitudinal growth of the cartilage when compared to intact tibiotarsi. This suggested an involvement of the PC and/or PO in negative regulation of cartilage growth. Further analysis of these PC/PO-free long bones showed that the increase in overall length of the cartilage involved increases in the sizes of both the proliferative and hypertrophic zones, as determined by BrdU incorporation and type X collagen staining, respectively. These effects of perichondrial and periosteal removal appear to be local, since removal of the tissues from one side of a tibiotarsus resulted in differences only on that side.
To examine further the involvement of the PC and PO in this negative regulation, in the present study we have examined the ability of these cell types to secrete diffusible factors. For this, conditioned medium from perichondrial and periosteal cells was added to organ cultures of tibiotarsi from which their own PC and PO had been removed. The results show that mixtures of PC and PO conditioned medium-but neither alone-can compensate for removal of these tissues. This suggests that a potentially novel regulatory mechanism of cartilage growth exists in which multiple factors secreted from the PC and the PO cooperate to produce negative regulation. Other, similar experiments suggest that positive signal(s) that stimulate cartilage growth are produced by a number of cell types, with the strongest stimulus being from the PC covering the articular surface (the articular PC) and from hypertrophic chondrocytes.
MATERIALS AND METHODS

Tibiotarsal Organ Cultures
Tibiotarsi were removed from E12 (stage 38) chick embryos (Hamburger and Hamilton, 1951) and any adhering loose tissue was dissected away. It is known that even among embryos that have been carefully staged, differences exist in the sizes of long-bone rudiments (Lovitch and Christianson, 1997) . Therefore, the tibiotarsi from each embryo were handled and experimentally analyzed as a "tibiotarsal pair," with each "pair" consisting of one intact tibiotarsus and one tibiotarsus from which the PC and PO were surgically removed-but leaving the articular perichondrium (APC) attached (see footnote in section on cell cultures). Each tibiotarsus was placed on a piece of Millipore filter (Millipore HTTP4700) supported on a stainless steel mesh grid (Mesh Grid Co.) in an organ culture dish (Falcon). The cultures were maintained for 3 days (37°C; 7% CO 2 ) in serum-free DMEM (Gibco) or in serum-free conditioned DMEM harvested from cultures of the cell type to be tested (see below). The medium was changed daily.
Analysis of Cultured Tibiotarsi
Whole mount staining. To distinguish clearly the border between the growth cartilage and the boney shaft, the cultured rudiments were stained with 0.1% alizarin red in PBS (7 min at room temperature). To allow for penetration of the stain, the PC/PO from the intact tibiotarsus of each organ culture pair was removed prior to staining. In this procedure the alizarin red stains the boney tissue a dense, uniform red. Within the cartilage there can be some light, residual stain (visible in some of the figures), but this staining, when present, is clearly distinguishable from that of the boney tissue. In some cases the tibiotarsi were stained with a mixture of alizarin red (bone) and alcian blue (cartilage) according to (McLeod, 1980) . This mixture is used to distinguish the location of the PO surrounding the bone (red) and the PC surrounding the cartilage (blue) (see Figs. 2A , 3A, 4A, 6A).
Measurements of linear growth. All measurements were made on the cartilage at the tarsal end of the long-bone rudiment. This cartilage has a uniform shape, whereas the shape of the cartilage at the other end is irregular. For image collection, digital micrographs were taken with an RT-Spot digital camera (Spot Diagnostics) attached to a Leica dissecting microscope or with an Eagle Eye digital camera (Stratagene). The micrographs were visualized on a video monitor; then the length of each cartilage was determined along the midline of the cartilage, starting at the midpoint of the tarsal curve and ending at the midpoint of the border between the cartilage and the boney shaft (see, e.g., Fig. 1B) . Thus, the line of measurement was kept at the midline of the cartilage at all points connecting the two ends. So, if the cartilage curved, the midline also curved (see Figs. 2B, 4B) . The absolute values for the lengths of the midlines were determined and recorded using the UTHSCASA Image Tools program, calibrated to the same magnification as the images. Each separate experiment was conducted 4 to 12 times, with the total numbers of cases ranging from 5 to 54. In the figures the number of cases is shown as "N ϭ", and the error bars are SEM.
Perichondrial and Periosteal Cell Cultures and Collection of Conditioned Media
Cultures of perichondrial and periosteal cells were initiated without enzymatic digestion-a procedure that our preliminary experiments showed to produce superior cultures. The PC and/or PO was dissected from E12 tibiotarsi, and the tissue was cut into small pieces with a No. 15 scalpel. The tissue pieces were then put into 60-mm tissue culture dishes. To ensure that the tissue pieces contacted the surface of the plate, the medium was removed and then replaced with 0.5 ml of fresh medium [DMEM (Gibco) plus 10% fetal calf serum (Hyclone) and penicillin and streptomycin (Gibco)]. Cultures were maintained at 37°C in 7% CO 2 .
The same protocol was followed for initiating cell cultures from the articular perichondrium. The articular perichondrium could be removed as small pieces of this tissue suitable for initiating cell cultures as described above.
2 After 7 to 8 days, the tissue pieces gave rise to a monolayer of fibroblastic cells, which were then passaged. For this, any tissue pieces that still remained were mechanically removed and the cells attached to the plate were dissociated by trypsinization (0.25% trypsin for 3 min at 37°C). Cold complete medium was added to the cells to inactivate the trypsin, and the cells were collected by centrifugation and plated onto 60-mm tissue culture dishes (Falcon) in complete medium.
For production of conditioned media, the cell cultures were grown to multilayer confluency (5 to 7 days) in complete medium and were then switched to serum-free DMEM (with penicillin and streptomycin). After 18 h (or noted time points), the conditioned medium was collected, centrifuged to remove floating cells, and allocated into 15-ml tubes (Costar). It was stored at 4°C and used within 6 days of collection.
Chondrocyte and Scleral Cell Conditioned Medium
Hypertrophic chondrocytes were isolated from the lower onethird of the tarsal cartilage from E12 embryos, and nonhypertrophic chondrocytes were isolated from the caudal one-third of E14 sterna (Nurminskaya and Linsenmayer, 1996) . The cartilages were dissociated in 0.125% trypsin, 0.07% collagenase, 0.06% hyaluronidase (30 min at 37°C), and then in 0.125% collagenase and 0.1% hyaluronidase (1 h at 37°C). Fresh trypsin (0.25%, equal in volume to that of collagenase) was added and the tissues were incubated for an additional 25 min. The cells were collected by centrifugation, resuspended in medium, and plated on 60-mm tissue culture dishes (in the presence of 0.01% hyaluronidase).
Control conditioned media were obtained from cultures of hypertrophic and nonhypertrophic chondrocytes and from scleral fibroblasts of the eye. Sclera were dissected from E14 (stage 40) chick eyes and placed in 0.25% trypsin for 1 h at 37°C to remove the epithelium and endothelium. The stromal fibroblasts were dissociated in 0.15% collagenase (Sigma) for 2 h at 37°C, and fresh medium was added to the cells to inactivate the enzymes. The cells were collected by centrifugation, resuspended, and cultured in serum-containing medium. After 4 days, the cultures were switched to serum-free medium, and subsequently the "conditioned medium" was collected as described above.
RESULTS
To examine whether the previously observed (Long and Linsenmayer, 1998) involvement of the PC and PO in the negative regulation of long-bone development was mediated through the production of diffusible factors, we employed as an assay system the tibiotarsal organ cultures used previously. For this, pairs of tibiotarsi (from the same embryo)-one intact and the other with PC and PO removed (PC/PO-free)-were cultured either in control medium (serum-free) or in conditioned medium (serum-free) harvested from cell cultures of the cell type to be tested. In the organ culture assay, to avoid the possibility that the putative diffusible regulatory factors might be exchanged between the intact tibiotarsus and the PC/PO-free tibiotarsus of a pair, each tibiotarsus was cultured in a separate dish. The cultures were maintained for 3 days, a time period during which growth occurs at a linear rate in both the intact and the PC/PO-free tibiotarsi [as determined previously (Long and Linsenmayer, 1998) ]. In all experiments, at the end of the 3-day culture period the cultures were stained (to differentiate clearly the border between cartilage and bone), and the length of the tarsal cartilage was measured 3 (see Materials and Methods). The data were then expressed as "extended growth" with "extended growth" being defined, for each tibiotarsal pair, as the difference in length of the tarsal-end cartilage of the PC/PO-free tibiotarsus versus the one in which the PC and PO were left intact (see Fig.  1A ). Using this definition, an extended growth of zero would represent complete compensation for removal of the PC and PO. This method of evaluating the data uses the intact tibiotarsus of each pair as the internal control for "normal" longitudinal growth. It therefore should reduce any differences that exist between individual embryos within the population (Lovitch and Christianson, 1997) , such as the initial sizes of the tibiotarsi when removed for culture or inherent differences in growth rates.
In experiments in which each member of the tibiotarsal pair was cultured for 3 days in control medium (serum-free), consistent with previous results (Long and Linsenmayer, 1998) the cartilages of both the intact and PC/PO-free tibiotarsus (Fig. 1B) underwent longitudinal growth. Also consistent with previous observations, removal of PC and PO resulted in extended growth of the cartilaginous region, which averaged 0.32 mm (see "controls" in Figs. 2-4 and 6), or 8.4% of the overall length of the cartilage. Conversely, the boney shaft showed little extended growth, if any at all [not shown, but see (Long and Linsenmayer, 1998) ].
Effect of Perichondrium/Periosteum-Conditioned Medium
One possible explanation for the extended growth observed when the PC and PO are removed is that one or both of these tissues produce negative regulators of cartilage growth-possibly in the form of secreted diffusible factors. To test this possibility, conditioned medium (serum-free) from cell cultures of PC/PO cells was tested for its ability to compensate for PC/PO removal in the organ culture assay. The cell cultures were initiated from PC/PO tissue from along the entire length of the PC and PO ( Fig. 2A) , and the conditioned medium (serum-free) was produced and harvested as described under Materials and Methods.
The organ culture pairs grown in control medium showed an extended growth of the PC/PO-free member of each pair of 0.32 mm (Fig. 2C) , which corresponds to 9% of the overall cartilage length. In contrast, the organ culture pairs grown in the PC/PO-conditioned medium showed little if any extended growth (0.08 mm, or a 2% increase in longitudinal growth; Fig. 2C ). Thus, the PC/PO-conditioned medium compensated almost entirely for removal of these tissues, a result consistent with the presence of diffusible negative growth regulatory factors.
To test for the cell-type specificity of the conditioned medium and to eliminate the possibility that the negative regulation was due to a trivial reason such as a general depletion of nutrients in the conditioned medium, we tested conditioned medium from another cell type. For this we chose the (ocular) scleral fibroblast (Scl), a cell type which produces dense multilayer cultures that should provide an adequate test for depletion of nutrients. However, when the PC/PO-free tibiotarsi were grown in the scleral cell conditioned medium, they showed the same extended growth of the cartilaginous region (0.32 mm) as they did in the control serum-free medium (see Figs. 2B, 2C; "Scl"). Therefore, depletion of nutrients is unlikely to be responsible for the negative regulation observed with PC/POconditioned medium. Moreover, these results provide evidence for a cell-type specificity of the PC/PO effect observed.
During the period that the PC/PO cells are in culture, some of the PC cells differentiated into chondrocytes, as determined by their appearance as small nests of polygonal cells. This is not unexpected, since one of the functions of the PC in vivo is to produce chondrocytes for appositional growth of the cartilage. To eliminate the possibility that the chondrocytes present in the PC/PO cell cultures were themselves responsible for the factors in the conditioned medium, experiments were performed in which cultures of either nonhypertrophic (NHC) or hypertrophic chondrocytes (HC) were used to produce conditioned medium. As shown in Figs. 2B and 2C, PC/PO-free tibiotarsi grown in either NHC-or HC-conditioned medium showed extended growth of the cartilaginous region (0.39 and 0.51 mm, respectively) that was even greater than the extended growth in the control medium (0.32 mm). Thus, neither type of chondrocyte-conditioned medium contained the negative regulatory activity that compensates for PC/PO removal. The hypertrophic chondrocytes, in fact, may produce positive stimulators of growth (see Discussion).
Requirement for Both Perichondrium and Periosteum in Negative Regulation
The negative regulatory properties of the PC/POconditioned medium could result from the same factors being produced by both cell types, or from different factors produced by each tissue. Furthermore, these could work in concert or independently to produce the inhibitory effect. To test these possibilities, the cell cultures used to produce the conditioned medium were initiated from separate regions along the PC and PO. These regions, shown in Fig. 3A , consisted of PC alone, PO alone, or the narrow "border" that encompasses both tissues. The conditioned media from these regions were tested in the organ culture assay as described above. The results (Fig. 3B) show that neither the PC-nor PO-conditioned medium individually can compensate for removal of the PC and PO. In fact, the extended growth of the PC/PO-free tibiotarsi in these two conditioned media (0.42 and 0.40 mm) was somewhat greater than that in the control medium (0.31 mm or 8% of the overall cartilage length), suggesting a slight positive regulation of cartilage growth (Fig. 3B) . In contrast, the conditioned medium from the PC/PO border region compensated completely for the removal of the PC/PO (Fig. 3B) . In this conditioned medium, the PC/PO-free tibiotarsi showed essentially no extended growth when compared to the intact tibiotarsi (0.01 mm, or less than 1% of the overall cartilage growth).
Interactions of Perichondrial and Periosteal Cells and Their Conditioned Media
The negative regulation produced by the border-region conditioned medium suggests either that an interaction occurs between the PC and PO cells that interface there or that there are cells within this border region that have unique regulatory properties. In addition, if the negative regulation is due to an interaction of the PC and PO cells, this could result either from direct cell-cell interactions of the PC and PO cells or from the interaction of diffusible factors produced by each cell type.
To test these possibilities, the conditioned media from two different types of "mixing" experiments were utilized to examine negative regulatory activity. First, PC and PO cells from regions that are not in contact with one another in vivo were co-cultured to determine if this conditioned medium could mimic that from the cells of the border region. PC and PO cells from noncontiguous regions (see Fig. 4A ) were mixed in a 3:1 ratio (Fig. 4A , "mixed-cell conditioned medium"), a ratio that was determined empirically (data not shown) to produce the most effective mixed cell (MC)-conditioned medium. When this MC-conditioned medium was tested in the organ culture assay, PC/PO-free tibiotarsi showed little if any extended growth (0.03 mm, or Ͻ1% of the overall cartilage length; Fig. 4C ). Thus, this conditioned medium, like that produced by the border region cells described earlier, compensated almost completely for removal of the PC and PO.
This result made it unlikely that cells within the border region were uniquely responsible for secretion of the negative regulatory factors. However, it did not eliminate the possibility that the PC and PO cells, while in cell culture, interacted to form border-region cells. To test this, as well as the alternative-that each cell type secretes its own factors that act synergistically, or modify one anotherconditioned media from separate cultures of PC and PO cells were collected and mixed (as diagrammed in Fig. 4A ). This "mixed media" was then tested in the organ culture assay system. The mixed media (MM in Fig. 4B and 4C) showed negative regulatory activity equivalent to that of the mixed cell (MC) medium, thus eliminating the generation of a border-region cell type, or any necessity for PC/PO cell-cell contact. It suggests, instead, that the PC and PO cells secrete different factors and that these factors act together in effecting the negative regulation.
The mixed PC-and PO-conditioned media reduced the overall length of the tarsal cartilage to that of the intact cartilage. However, the above experiments do not address the possibility that the putative factors in the mixed media have an effect over and above that of the PC and PO in the intact cartilages. To test this, organ culture pairs were examined in which both tibiotarsi were intact (their PC/PO were not removed). One tibiotarsus in each pair was grown in control serum-free medium, while the other was grown in conditioned mixed media. In such cultures, there was no detectable difference in the overall length of the cartilages.
( Fig. 5A ) Therefore, the negative regulatory factors in the mixed media do not overcompensate in the presence of the intact PC and PO (see Discussion). This indicates indirectly that when a certain level of factors exists (in this case those from the intact PC/PO), additional factors (from the conditioned medium) have no effect.
To test the possibility that the level of factors may vary with time, we examined the effects of mixed media collected at 6-h intervals on PC/PO-free organ cultures (Fig.  5B) . The mixed media collected after 6 h showed no negative regulatory ability, that collected after 12 h showed slight regulation, and that collected after 18 h showed complete regulatory ability. Thus, there seems to be a critical concentration of the factors needed for regulation, and in this system, the concentration is reached at 18 h in culture. Collection after an additional 6 h (24 h; Fig. 5B ), produced little if any additional regulation, suggesting, again, that once this certain level of factors is reached, additional quantities have no effect. 
Positive Regulation of Growth by Articular Perichondrium
Because growth of the tibiotarsus cartilage does occur, both in vivo and in vitro, positive stimulation of growth may also occur. This could result from inherent growth regulation by the chondrocytes themselves (as is suggested in Fig. 2C for the hypertrophic chondrocyte conditioned medium), and/or there may exist an external source of positive stimulation. Previous studies have suggested that diffusible regulators of cartilage, PTHrP and Wnt4 (Hartmann and Tabin, 2000) , are produced by the PC covering the articular surface, the articular PC (APC, shown in Fig. 6A ). The proximity of the APC to the underlying region of proliferating chondrocytes also raised the possibility that this tissue is a source of positive regulation. Therefore, we examined the effect of conditioned medium of cell cultures derived from the articular PC (Fig. 6B , APC-conditioned medium) in the organ culture assay system. In the APC-conditioned medium, PC/PO-free tibiotarsi showed extended growth that was almost twofold greater than the growth of those grown in control medium (0.68 mm vs 0.38 mm), thus suggesting a role for the APC in positive regulation of cartilage growth. As addressed under Discussion, this stimulation is approximately threefold greater than that observed with either the PC or POconditioned medium alone and approximately twofold greater than that observed in the hypertrophic chondrocyteconditioned medium.
DISCUSSION
A previous study in our laboratory employing organ cultures of long-bone tibiotarsi suggested that the PC and PO are involved in regulating cartilage growth. Removal of the PC and PO from a tibiotarsus resulted in extended cartilage growth, supporting an involvement of these tissues in negatively regulating cartilage growth. It was also shown that both the proliferative and hypertrophic chondrocyte zones of these PC/PO-free tibiotarsi were extended in length when compared to the corresponding zones from the intact, contralateral tibiotarsus, suggesting that both chondrocyte proliferation and differentiation were affected by PC/PO removal (Long and Linsenmayer, 1998) . In the present study, we have extended this work and have observed that this negative regulation requires factors from both the PC and the PO, and that these factors are most likely diffusible because their activities can be detected in conditioned media from cell cultures of these cell types. In addition, we have observed that positive regulation is exerted by several tissues, including perichondrium (alone), periosteum (alone), nonhypertrophic and hypertrophic chondrocytes, and the articular perichondrium. The articular perichondrium and the hypertrophic chondrocytes show the greatest positive regulatory activity.
Negative Regulation by the Perichondrium Plus Periosteum
The conditioned medium experiments presented here suggest that perichondrial cells and periosteal cells are secreting separate factors that act cooperatively with one another. The negative regulation can be achieved with conditioned medium from the border region that spans the PC/PO interface. It can also be achieved with the conditioned medium from mixed cultures of PC and PO cells or with mixed media from separate PC and PO cultures-but not with the conditioned medium from each cell type alone.
This regulation by mixed media seems to compensate precisely for the normal regulation that occurs in the presence of intact PC and PO. Also there appears to be an upper level of response to these factors above which no additional regulation occurs. This is suggested by two observations. One is that in cultures of intact tibiotarsi (with their PC and PO present), no additional negative regulation is observed with the PC/PO conditioned medium. The other is that little if any "overcompensation" of the negative regulation is observed in PC/PO-minus tibiotarsal cultures when the quantities of factors from the PC and PO cell cultures are increased by lengthening time before the conditioned media are collected. Thus, the mechanism we have uncovered here seems to provide a unique means of regulating cartilage growth to the precise level that is normally seen in the intact tibiotarsi. As discussed below, this effect is not mimicked by any of the factors that have been previously suggested as negative regulators of cartilage growth.
Conceptually, the advantage of such a mechanism involving factors from both the PC and PO-rather than from a single source-is that positional information (Wolpert, 1969) can be obtained vectorally from two sources. This can allow, for example, the spatial relationships of components within a structure to be determined by gradients of factors from opposing directions [e.g., by a double-gradient model (Wolpert, 1969) ]. In the case of the tibiotarsal growth cartilages (Stocum et al., 1979) -and most likely the growth cartilages of other long bones-the relative proportional sizes of the component zones (e.g., proliferative, maturation, and hypertrophy) remain similar throughout embryonic development. If a double gradient is the type of mechanism employed in this system, factors secreted by the PC and PO could be involved, for example, in determining the lengths of the proliferative and hypertrophic zones.
We do not yet know the identity of the factors involved in this negative regulation. However, we do know some of the parameters that must be met if one is to propose a model to explain the observations. Any proposed model must include the following: (1) multiple factors/components must be produced separately by the PC and the PO; (2) the factors must be secreted and act cooperatively; and (3) the factors can be produced from cells located along the entire lengths of the PC and PO. Attesting to the unique nature of this regulation, in a separate study (in preparation) we have tested the effects of several known negative regulators of cartilage growth in organ cultures-bFGF, retinoic acid, and TGF-␤1 (De Luca et al., 2000; Mancilla et al., 1998; Serra et al., 1999 )-in our organ culture system. None of these factors were able to duplicate the precise negative regulation observed with the PC/PO factors from the conditioned media. This does not rule out the possibility that these factors have a contributing role in the PC/PO conditioned media. However, if they are involved, they also require additional regulating/modulating factors to achieve the precise regulation observed with the PC/PO conditioned media.
Studies by others have identified a number of factors potentially involved in negative regulation of cartilage growth. It is possible, if not probable, that at least some of the factors in our conditioned medium are those that have already been described. For example, a study by Vortkamp et al. (1996) has suggested a negative regulatory loop in which the articular PC produces parathyroid hormone related peptide (PTHrP) that acts to delay chondrocyte differentiation through its receptor (PTH/PTHrP Receptor) located in the prehypertrophic chondrocytes. It has also been suggested that the BMPs can act as intermediates between Indian hedgehog and PTHrP (Pathi et al., 1999) , and studies have suggested that TGF-␤ (Serra et al., 1999) and FGFs are involved in the negative regulation of chondrocyte maturation and proliferation. All of these signals act through the PC. In addition, the PO has been implicated in negative regulation of cartilage maturation through the Wnt 5a, ␤-catenin-independent pathway (Hartmann and Tabin, 2000) . However, none of these factors, or the models derived from them, seem sufficient to explain the results obtained in the present study-chiefly due to the absence of any cooperative involvement between the PC and PO.
Potentially, there are several ways in which the PO, along with the PC, might be involved in cooperative regulation. Factors from the PC and PO may act together directly on the chondrocytes to inhibit growth. Or they may influence the chondrocytes to negatively regulate themselves in an autocrine manner. Alternatively, factors from the PC and PO may act indirectly to affect chondrocyte growth through another tissue, such as the articular PC, by producing an intermediate factor, or by causing another tissue (articular PC or the cartilage itself) to produce an enzymatic activator that then acts on a preexisting latent protein [e.g., TGF-␤ (Pedrozo et al., 1998) or BMPs (Thomas et al., 1997) ]. It is clear that, by either a direct or an indirect mechanism, factors from both the PC and the PO are necessary to negatively affect cartilage elongation.
Positive Regulation by the Articular Perichondrium
For normal limb growth to occur, positive stimulation of cartilage growth is also likely to occur. To date, however, relatively little information is available on such positive regulation. Our studies suggest that major sources of cartilage growth stimulation are the APC and hypertrophic chondrocytes themselves. When conditioned medium from the APC cell cultures is added to PC/PO-free tibiotarsal organ cultures, there is an approximately twofold increase in extended growth of cartilage over that seen in control medium. This is slightly more than half of the stimulation observed with conditioned medium from hypertrophic chondrocytes that also seems to facilitate positive growth. As described earlier and under Materials and Methods, in these organ cultures, the endogenous articular PC of the cultured tibiotarsi is left intact, since it is virtually impossible to remove this tightly adherent tissue completely without damaging the underlying cartilage. Obviously, hypertrophic chondrocytes are also present. Therefore, the extended growth observed in the APC-conditioned medium is beyond that which is produced, we presume, by the attached APC itself, and similar reasoning applies to the endogenous hypertrophic chondrocytes.
Thus far, only a limited number of candidates have been suggested for positive regulation. One is Wnt 4, which is expressed in the periarticular region of chick tibiotarsi (Hartmann and Tabin, 2000) . Wnt-4 has been suggested to act through its receptor, frizzled-7, in the proliferating chondrocytes in a ␤-catenin-dependent manner. Because this factor is expressed in the same area as the tissue used to initiate the articular perichondrial cell cultures, it is a possible candidate for the results discussed above. Another potential regulator of positive growth is retinoic acid, which from studies using retinoid antagonists, has been suggested as being involved in the positive regulation of chondrocyte growth and hypertrophy in cell cultures (Koyama et al., 1999) . In the same study, the PCs covering the diaphysis and metaphysis were identified as retinoidcontaining tissues, as were the chondrocytes themselves. Consistent with these localizations, we also observed some positive stimulation of growth by conditioned media from the separate cultures of perichondrial or periosteal cells, as well as from hypertrophic and nonhypertrophic chondrocytes.
Thus, multiple tissues seem to be involved in positive regulation of cartilage growth, although the stimulatory factors produced by these various tissues may themselves be different from one another.
In summary, we found that a variety of cell types are capable of exerting positive stimulation of cartilage growth, including the chondrocytes themselves. However, the results suggest that negative regulation also plays an important role in normal cartilage growth and development, and this negative regulation is achieved, at least in part, through an interaction between the PC and PO.
